Simian virus 40 large T antigen contains a single sequence element with an arrangement of cysteines and histidines that is characteristic of a zinc finger motif. The finger region maps from amino acids 302 through 320 and has the sequence Cys-302LeuLysCys-305IleLysLysGluGlnProSerHisTyrLysTyrHis-317GluLysHis-320. In a conventional representation, the binding of zinc to the cysteines and histidines at positions 302, 305, 317, and 320 would form two minor loops and one major loop from the intervening amino acids. We made single amino acid substitutions at every position in the finger to identify possible functional elements within the putative metal-binding domain. Amino acids in the zinc finger could be divided into three classes characterized by distinct roles in DNA replication and transformation. Class 1 consisted of amino acids in the two minor loops of the finger and in the amino-terminal part of the major loop. Mutations here did not affect either replication or transformation. Class 2 consisted of the SerHisTyrLysTyt amino acids located in the carboxy terminus of the major loop of the finger. Mutations in this contiguous region reduced replication of the mutant viruses to different degrees. This clustering suggested that the region is an active site important for a specific function in DNA replication. With the exception of a mutation in the histidine at position 313, these mutations had no effect on transformation. Class 3 consisted of the proposed zinc-binding amino acids at positions 302, 305, 317, and 320 and the histidine at position 313 in the major loop of the finger. Mutations in these amino acids abolished the viability of the virus completely and had a distinctive effect on the transforming functions of the protein.
Simian virus 40 (SV40) large T antigen is the major regulatory protein in the SV40 life cycle and serves as an attractive model for many functions in molecular biology. During productive infection of permissive cells, T antigen performs a number of related functions in viral DNA replication. After binding to the origin of replication (12, 48) , T antigen initiates DNA replication by denaturing origin duplex DNA (10, 52) and perhaps by guiding cellular proteins such as DNA polymerase alpha (40) to the origin replication bubble. The helicase activity of T antigen (42, 43, 51) then moves the replication forks around the circular DNA as a prerequisite for the elongation of daughter strands. At the time of the onset of viral DNA replication, T antigen coordinates viral transcription with DNA replication by repressing early transcription (34, 46) and inducing late transcription (4, 8) . In nonpermissive cells, T antigen induces and maintains the transformed state by unknown mechanisms (50) . T-antigen induction of cellular transcription (24) and of DNA synthesis (5) and the interaction of T antigen with cellular protein p53 (17, 27) play additional roles in productive and transforming infections.
The related functions of SV40 large T antigen may be coordinated by the organization of distinct functional domains in the protein. Perhaps the best-characterized domain is the origin-binding domain. The region responsible for minimal specific binding to the origin of DNA replication is located between amino acids (AAs) 131 and 257 (32, 39, 44) . A small region with an amino acid sequence very similar to those of known nucleotide-binding sites maps between AAs 418 and 528; presumably, this region is related to the intrinsic ATPase activity of T antigen (3, 49) . Other domains have been mapped less precisely. For example, the helicase * Corresponding author.
domain is located between residues 131 and 680, but its precise limits are not known (42, 51) . The residues responsible for the binding of T antigen to DNA polymerase alpha and p53 are located somewhere between positions 272 and 517 (17, 37, 40) . SV40 T antigen contains a single sequence element with an arrangement of cysteines and histidines that is characteristic of a zinc finger motif (25) . This putative metal-binding domain maps from AAs 302 through 320 and falls within many of the functional domains of T antigen. It is located outside the minimal origin-binding region but is still within the protein fragment (AAs 131 through 371) required for optimal binding to the origin sequences (39) .
Zinc finger motifs are common in a wide variety of procaryotic and eucaryotic proteins. In many cases, the fingers appear to contribute to DNA recognition and binding. Examples of this class of protein include transcription factor IIIA (31), transcription factor Sp-1 (22) and, most probably, proteins encoded by developmentally regulated genes (6, 35) . Proteins in this class have multiple repeats of a finger domain with a characteristic arrangement of two cysteines and histidines which coordinate the metal ion. These proteins also contain two aromatic residues and one leucine at distinctive positions within the finger. Klug and Rhodes (25) have proposed that the major loop of the zinc finger comes into close and specific contact with the major groove of DNA. SV40 T antigen has a single finger motif that has two aromatic amino acids, but these are not located in positions characteristic of a classical DNA-binding finger. However, metal fingers need not be multiple, may have a variety of alternative sequences, and may have important functions other than the direct binding of protein to specific DNA sequences (2, 15) . Examples of proteins with alternative finger structures include the T4 gene 32 protein (18), the sigma-3 protein of reovirus (36) , and the ElA protein of adenovirus (28 proposed that metal-binding domains contribute to proteinprotein interactions or determine overall protein structure.
In the T antigens encoded by all known polyomaviruses, a zinc finger motif is highly conserved (16, 33, 50) . This finding implies that the sequence element plays an important role in T-antigen function. We have undertaken a systematic mutational analysis of the zinc finger in SV40 T antigen by making specific single AA exchanges at every position of the finger sequence. Functional analysis of the mutants in lytic and transforming infections has allowed us to identify three characteristic phenotypes in this region. Using in vivo replication assays, we were able to relate the zinc finger to a function involved in DNA replication. (26) . Ampicillin-resistant colonies of BW313 were selected on LB plates containing 100 jig of ampicillin, 100 jig of deoxyadenosine, and 20 ,ug of thymidine per ml. To obtain single-stranded, uracil-containing pBS-SV40 DNA, we inoculated single colonies of BW313(pBS-SV40) into 100 ml of LB containing 100 jig of ampicillin per ml, 0.25 ,ug of uridine per ml, and 100 [lI of an M13 helper phage K07 stock (>1010 PFU/ml) and grew them overnight. After centrifugation, the single-stranded DNA was isolated from the supernatant as described by J. Messing (30) and purified by alkaline sucrose gradient centrifugation.
MATERIALS AND METHODS
Construction of the zinc finger mutants. The zinc finger sequence of SV40 large T antigen is located between amino acids 302 and 320, encoded by bases 3858 through 3914 in the viral genome (50) . Mutants with base substitutions in this region of the viral genome were constructed by oligonucleotide-directed mutagenesis with uracil-containing singlestranded DNA as a template. The oligonucleotides were 16 to 22 bases long and had one base mismatch that would encode a single amino acid substitution in the T-antigen gene. Typically, 10 to 20 ng of phosphorylated oligonucleotide was annealed to 100 ng of uracil-containing template. The second strand was synthesized in the presence of all four deoxynucleotides with T4 DNA polymerase in a total reaction volume of 20 RI. The remaining nick in the doublestranded DNA was sealed with T4 DNA ligase. The mutated DNA (0.5 RI) was transfected into E. coli BMH71-18, and ampicillin-resistant colonies were selected and grown to isolate DNA. After DNA extraction, the clones were sequenced without preliminary screening to identify mutants. Depending on the oligonucleotide used, 50 to 90% of the sequenced clones contained the desired mutation.
Plaque assay. For the plaque assay, 10 ,ug of CsCl-purified mutant DNA was cleaved with BamHI and religated with T4 DNA polymerase in a total reaction volume of 600 RI.
Agarose gel electrophoresis showed that about 5% of the religated DNA was single-copy, covalently closed SV40 DNA; the rest was multimeric forms of vector and virus DNAs. Either 4 or 40 ng of total religated DNA was transfected into confluent CV-1 cells with DEAE-dextran (29) , and the cultures were maintained under agar containing Dulbecco modified Eagle medium with 10% fetal calf serum for 4 to 7 weeks. Plaques were visualized by staining with neutral red (45) .
Transformation assay. For transformation assays, 105 primary MEF cells were seeded in 75-cm2 flasks. Cells were transfected with mutant DNAs (1 to 5 ,ug per flask plus 5 to 9 jig of carrier DNA) by the calcium phosphate procedure (20) and were fed twice a week with Dulbecco modified Eagle medium containing 10% fetal calf serum. Foci were scored 3 to 5 weeks after the transfection.
DNA replication in vivo. The viral DNA replication of the mutants was measured in CV-1 cells. Mutant DNA (3.0 ,ug) was transfected into a 75-cm2 flask of subconfluent CV-1 cells with DEAE-dextran (29) . Viral DNA was extracted 72 h after transfection (21) and digested with MbMI. Replicated DNA was assayed as described previously (11) .
RESULTS
Choice of the amino acid substitution mutants. To compare the importance of various amino acid positions and to identify possible functional regions in the zinc finger region, we introduced amino acid exchanges of similar severity in each position. As a guideline for the selection of the appropriate exchanges, we used the amino acid score matrix of Staden (41) . This matrix is derived from the protein atlas of Dayhoff (9) and is based on a comparison of the primary sequences of many families of functionally related proteins. The matrix establishes an evolutionary hierarchy of the functional interchangeability of various amino acids. Table 1 shows the positions of the changes introduced into the viral genome and the resulting changes in the amino acid sequence of T antigen. Except for some special positions, the alterations in the protein were of intermediate severity.
Viral replication of the zinc finger mutants. After mutagenesis, viral DNAs were excised from bacterial plasmids and religated as described in Materials and Methods. We used the viral DNA to test the ability of the mutants to induce plaques in a monolayer of permissive CV-1 cells. Under our conditions, 1 ng of wild-type (WT) DNA produced approximately 200 plaques. The histogram in Fig. 1A shows a summary of the results of these plaque assays for WT and mutant DNAs. We divided the mutants into three classes based on their ability to grow in CV-1 cells.
The first class consisted of mutants with mutations which affected positions in the minor loops of the finger (AAs 303, 304, 318, and 319) and positions in the amino-terminal part of the major loop (AAs 306 through 311). These mutants (Fig.  1A, open (Fig. 1A , shaded bars) were only slightly lower than the numbers of WT plaques in most cases, but the plaques were slow to appear and small (Fig. 1B) DNA replication in vivo. The results of the plaque assays identified mutants with little or no ability to grow in CV-1 cells. To localize these defects, which could either be involved directly in DNA replication or affect other functions in the growth cycle, we transfected mutant DNA into CV-1 cells and extracted episomal DNA after 72 h. We used MboI to discriminate methylated input DNA from unmethylated replicated DNA (11) . Figure 2 shows the results of the in vivo replication experiments for mutant 302-S, 305-S, 313-L, 314-S, 315-E, 316-N, 317-Q, and 320-L DNAs and WT SV40 DNA. As quantitated by densitometric scanning of the replicated bands, the replication efficiency was 62% of the WT for 316-N, 42% of the WT for 314-S, and less than 2% of the WT for 315-E. These data correlate well with the reduced growth rate observed in the plaque assays. No replicated bands, even after prolonged exposure of the autoradiograph, could be detected for mutants 302-S, 305-S, 313-L, 317-Q, and 320-L. Thus, the defect in viral growth could be localized to a function prior to or during DNA replication.
Transformation of nonpermissive cells. The ability of the zinc finger mutants to transform primary MEF cells was tested in a focus formation assay. Figure 3 summarizes the results of these experiments. The mutants fell into two classes based on their ability to form transformed foci on primary MEF cells.
The first class (Fig. 3, open bars) consisted of all mutants which were able to replicate, including mutant 315-E, which replicated only at a very reduced rate. These mutants induced transformed foci on primary MEF cells with a WT efficiency (50 to 100 foci per flask, depending on the experiment). The foci also had WT size and morphology. Minor differences in the number of foci were considered to be insignificant, since the ability of duplicate samples of WT DNA to transform cells varied to a similar extent. Such variations in transformation assays have been noted in other studies (23, 38) . Foci induced by these mutants were cloned and expanded to stable transformed cell lines. All transformed clones expressed T antigen, as determined by immunofluorescent-antibody staining (data not shown). A small decrease in the efficiency of transformation by the first class of mutants could not be excluded because the transformation assay was performed beyond the linear range of transformation per microgram of DNA (data not shown) (47) .
The second class (Fig. 3, shaded bars) consisted of mutants with mutations which affected the presumed zincbinding amino acids and mutations at position 313. This class was identical to the class which completely failed to replicate in permissive cells. The mutants were able to transform primary MEF cells, but the number of foci induced was slightly lower than the number of foci induced by WT SV40 DNA. Furthermore, foci induced by these mutants were significantly smaller and appeared later after transfection. Figure 4 shows the morphology of foci induced by WT SV40 DNA, by the minute-plaque-mutant 315-E, and by mutants 302-S and 313-L. Although not shown here, mutants 305-S, 313-R, 317-Q, and 320-L induced the same small foci as did mutants 302-S and 313-L. Immunofluorescent-antibody staining showed that these small foci were positive for T-antigen expression. It was difficult to establish cell lines from the small transformed foci. Less induced by this second class of transformation mutants could be expanded to cell lines. In contrast, more than 90% of WT foci produced cell lines under identical conditions (data not shown). Our findings suggest that mutations in the cysteine and histidine residues in the finger region reduce the immortalization capacity of T antigen. Additional defects in transformation cannot be excluded.
DISCUSSION
The mutational analysis of the presumptive zinc-binding site showed that the amino acids of the zinc finger region of SV40 large T antigen can be divided into three distinct classes. Mutants within each class have a characteristic phenotype in productive and transforming infections. Figure  5 shows the locations of these functional classes of amino acids in the putative zinc finger and summarizes their properties.
The first class consists of amino acids in the two minor loops and in the amino-terminal part of the major loop (Fig.  5, open areas) . Mutations in this region have no effect on the functions of the protein. It is remarkable that an exchange of the proline at the tip of the proposed finger at position 311 has no effect on the viability of the mutant. The proline at this position is conserved among the primate polyomaviruses. Furthermore, a computer-generated structural model of T antigen (13) predicts a turn induced by the proline. Since mutations in these amino acids do not affect the WT phenotype, they may have a relatively simple structural function. However, we cannot exclude significant effects caused by amino acid substitutions different from the ones constructed or by mutations at more than one of these sites.
The second class of amino acids is clustered at the carboxy terminus of the major loop of the finger ( shaded areas). Mutations at these positions affect viral replication to different degrees. In vivo replication experiments showed that the defect in the mutants is related to a function in DNA replication. The clustering of these mutations suggests that this region might be an active site for a specific function in DNA replication. The replication function is not required for the transformation ability of the protein; mutant 315-E, which replicates only to a very reduced degree, has the same transformation capacity as WT SV40. The fact that the lysine at position 315 can be replaced by arginine without any effect shows that the reduction in the growth of 315-E probably results from a charge effect. The overall structure of this mutant protein must be intact because it not only has WT transforming efficiency but also binds to origin DNA as well as WT protein does (manuscript in preparation). It is not clear from our results whether the histidine at position 313 belongs to the second class of amino acids. Although the phenotype of a mutant with a mutation at this position is more characteristic of mutants in the third class, the histidine is located near the center of the putative active site. The third class of amino acids was identified by a distinctive phenotype caused by mutations at positions 302, 305, 313, 317, and 320. Mutants with single substitutions at these positions fail to replicate at all and have a reduced ability to transform primary MEF cells. In a recent paper, Arthur et al. (1) reported that a mutant T antigen expressed in E. coli with the same substitutions as 302-S and 305-S failed to bind specifically to the origin of DNA replication. Since these mutations in the zinc finger are located outside the domain required for minimal specific binding (44) , the effect on DNA binding is probably due to major structural alterations of the overall protein conformation. Such a change in conformation could affect multiple independent functions, including origin binding, transformation, and the function of the active site element of the zinc finger in replication. It is interesting that a conservative alteration of the histidine to the highly similar arginine at position 313 causes the same kind of phenotypic effects as do alterations of the cysteines or histidines in the positions of putative zinc ligands in a conventional zinc finger motif. This finding suggests that this histidine is also involved in the structural framework of the protein and may also interact in some way with a zinc ion. In the case of carboxypeptidase A, a histidine in the active center of the enzyme may bind zinc as a metastable intermediate with four other ligands. Christianson et al. (7) have postulated that a switch in the binding of these ligands may be important to the catalytic reaction. Similarly, the histidine at position 313 of T antigen may have a dual function. It may both bind zinc and participate in the replication function of class 2 amino acids. Studies of zinc binding by the cysteine and histidine residues of the finger region of T antigen are in progress. 
